Certain membrane channels including acetylcholine receptors, gap junction (GJ) channels, and aquaporins arrange into large clusters in the plasma membrane (PM). However, how these channels are recruited to the clusters is unknown. To address this question, we have investigated delivery of GJ channel subunits (connexons) assembled from green fluorescent protein (GFP)-tagged connexin 43 (Cx43) to the PM and GJs in living cells. Fluorescence-photobleaching of distinct areas of Cx43-GFP GJs demonstrated that newly synthesized channels were accrued to the outer margins of channel clusters. Time-lapse microscopy further revealed that connexons were delivered in vesicular carriers traveling along microtubules from the Golgi to the PM. Routing and insertion of connexons occurred predominantly into the nonjunctional PM. These PM connexons can move laterally as shown by photobleaching and thus, can reach the margins of channel clusters. There, the apposing PMs are close enough to allow connexons to dock into complete GJ channels. When connexon delivery to the PM was inhibited by brefeldin A, or nocodazole pretreatment, the PM pool initially enabled connexon accrual to the clusters but further accrual was inhibited upon depletion. Taken together, our results indicate that GJ channel clusters grow by accretion at their outer margins from connexon subunits that were delivered to the nonjunctional PM, and explain how connexons in the PM can function in intra-͞extracellular signaling before GJ channel formation and direct cell-cell communication.
A number of membrane proteins, including acetylcholine receptors, certain aquaporins, tight junction subunits, and gap junction (GJ) channels arrange into densely packed clusters, arrays, or strands in the plasma membrane (PM). GJ channels, in particular, have been known for many years to arrange extensively into tightly packed two-dimensional arrays, termed GJ plaques, that can consist of thousands of channels and extend to several micrometers in diameter (1) (2) (3) . However, how these multiunit structures are assembled and new channels are added to the cluster has remained largely elusive. To address this fundamental question, we have investigated in living cells how newly synthesized GJ channels are recruited to the PM and GJs.
GJ channels are double membrane protein structures that mediate direct cell-cell communication by allowing the passage of molecules up to Ϸ1 kDa from one cell to the other (4) . Channels form by head-to-head docking of two connexons (hemi-channels), each provided by one of two neighboring cells, thereby creating hydrophilic pores across the membranes (5) . Connexons are composed of six polytopic transmembrane protein subunits, termed connexins (Cx). Cxs comprise a large gene family predicted to consist of 20 isoforms in humans alone (6) , allowing the synthesis of a large number of different connexons and GJ channels.
The investigations of others and our previous work have shown that Cxs are cotranslationally integrated into the endoplasmic reticulum membrane (7) followed by their assembly into hexameric connexons (8, 9) . Subcellular fractionation studies (7, 10) and immuno-colocalization analyses (10) (11) (12) indicated that Cxs pass through the Golgi apparatus to reach the PM (reviewed in ref. 13) .
At least three possibilities are conceivable by which newly synthesized connexons are recruited to GJs. (i) Connexoncontaining transport vesicles may fuse with the PM within the plaques (Fig. 1A) ; (ii) transport vesicles fuse with the PM at the outer margin of plaques (Fig. 1B) ; and͞or (iii) transport vesicles fuse with nonjunctional PMs and connexons drift in the PMs to the plaques where they can dock into complete GJ channels (Fig. 1C) .
To investigate how newly synthesized GJ channels are recruited to the channel clusters, the C terminus of the most widely distributed connexin (Cx43) was tagged with green fluorescent protein (GFP), or its cyan color variant (CFP), and tagged Cxs were expressed in living cells. Previously, we and others have shown that C-terminal GFP-tagged Cxs traffic and assemble into functional GJ channels indistinguishable from wild-type Cxs (12, 14, 15) . Although trafficking and clustering of connexons has been investigated in living cells (14, 15) , none of these studies were aimed at discovering how GJ channel clusters grow, and where the newly recruited channels were delivered.
We have permanently photo-bleached the GFP-fluorescence of selected areas of Cx43-GFP GJ plaques, and monitored delivery of newly synthesized channels to the plaques over time. In addition, to investigate where the newly recruited channels originated, we have imaged Cx43-GFP, or Cx43-CFP secretion, and PM delivery by time-lapse microscopy. Finally, dynamics of PM connexons was investigated by fluorescence recovery after photo-bleaching (FRAP) and f luorescence loss in photobleaching (FLIP) experiments. Results suggest that connexons are transported from the Golgi to the PM via vesicular transport along microtubules (MTs). Connexon-containing constitutive transport vesicles then fuse and deliver connexons all over the nonjunctional PM. PM connexons can move laterally to reach GJs where they register, dock, and fuse at the outer plaque margins.
were used in this study. Both cell lines were maintained under standard conditions as described (12) . Cells (60-70% confluency) were transfected with Superfect Transfection Reagent (Qiagen, Valencia, CA) following manufacturer's instructions. For simultaneous labeling of Cx43 and MTs, respective cDNAs were mixed before transfection. A stable HeLa-22 cell line allowing regulation of Cx43-GFP expression was used in this study as well (described in Supporting Text, which is published as supporting information on the PNAS web site, www.pnas.org).
Organelle Staining, and Disruption of Subcellular Structures. Golgi membranes were stained in living cells with BODIPY TR ceramide (Molecular Probes) according to the manufacturer's instructions at least 30 min before photo-bleaching of GJs. To disrupt the Golgi complex, cells were placed in medium containing 5 g͞ml brefeldin A (BFA) (diluted from a 5 mg͞ml stock solution in ethanol) for at least 30 min before photobleaching. MTs were labeled by transfecting cells with pEYFPTub, and depolymerized by placing cells in medium containing 100 g͞ml nocodazole (diluted from a 100 mg͞ml stock solution in DMSO) for at least 30 min before photo-bleaching.
Microscopy and Image Processing. Wide-field fluorescence deconvolution microscopy and time-lapse imaging. High-resolution time-lapse images were acquired using a DeltaVision Model 283 (Applied Precision, Issaquah, WA) microscope as described (12) . To resolve the rapid trafficking of post-Golgi carriers, image sequences were acquired at up to two images per second. Image sequences were analyzed using SOFTWORX (Applied Precision), NIH IMAGE (National Institutes of Health, Bethesda), and PHOTOSHOP (Adobe Systems, San Jose, CA) software.
Laser scanning confocal microscopy and photo-bleaching. Cx43-GFP fluorescence of GJ plaques and PMs was photo-bleached using a Bio-Rad MRC1024 confocal microscope system in combination with Zeiss 100ϫ (Plan-Neofluar, NA 1.30) or 63ϫ (Plan-Apochromat, NA 1.40) oil immersion lenses. Transfected HeLa cells grown on cover glasses (12) were mounted next day in a live-cell chamber (Focht FCS2, Bioptechs, Butler, PA) kept at 37°C either without further treatment, or after incubating cells in BFA or nocodazole. To determine qualitative FRAP of GJ plaques, cells were imaged at low magnification (zoom level 1-3, 512 ϫ 512 pixels) and laser power of 1-3% (ϭ prebleach image). Next, the laser was zoomed (level [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , power increased to 100%, and the area scanned 3-8 times until fluorescence was removed through the entire depth of the cell. The laser was zoomed out again and its power reduced to original settings. Reappearance of fluorescence was recorded by imaging the plaque repeatedly for up to 2 h (ϭ postbleach images). At each time point optical sections were collected in 0.2-m steps covering the thickness of the plaques (3-5 m), and volume reconstructions were rendered using Bio-Rad LASERSHARP software. Numbers of plaques in untreated cells were compared with BFA-and nocodazole-treated cells (n ϭ 55) for significant differences by using the Fischer exact test of INSTAT software (GraphPad, San Diego).
To determine qualitative FRAP of PM connexons, square areas 18 ϫ 18 m (n ϭ 12) and 9 ϫ 9 m (n ϭ 3) in size were photo-bleached through the entire depth of the cells, and recovery of fluorescence was imaged every 20 s until the intensity had reached a steady plateau. Postbleach imaging did not result in a significant loss of fluorescence over time (Fig. 5A ) and was neglected. Residual fluorescence intensity was determined by measuring the intensity of a small central region of the bleached square area in the first postbleach images (n ϭ 15). To calculate mobile and immobile fractions, fluorescence of selected square areas was photo-bleached to remove fluorescence of immobile, or slowly moving bright fluorescent intracellular spots, and after complete recovery (t Ն 7 min) was bleached again before recovery images were taken (Fig. 5B ). Recovery measurements (n ϭ 3) were quantified by fitting normalized fluorescence intensities of bleached areas to a sigmoidal least squares curve by using the nonlinear regression algorithm of PRISM software (GraphPad). FLIP experiments were done by bleaching a square area (18 ϫ 18 m) at 0, 2, 4, 7, 10, 15, and 20 min, and decrease of fluorescence intensity in the unbleached region of the cells was determined.
Results

GJ Channel Clusters Grow by Accretion of Newly Synthesized Channels
to the Outer Cluster Margins. To investigate how GJ channels are added to GJ channel clusters, we photo-bleached the GFPfluorescence of selected areas of Cx43-GFP GJs that were assembled in transfected HeLa cells and were either visible on their plane surface or on their side (boxed area shown in the prebleach images of Fig. 2 ). Then, entire junctions were observed and imaged repeatedly over time and volume views covering the entire thickness of the plaques were reconstructed (postbleach images of Fig. 2) .
In all instances, new fluorescence reappeared simultaneously along both sides of the plaques within 10-20 min after bleaching. Fluorescence reappeared homogeneously throughout the entire length of the bleached areas as a homogenous fine line that steadily increased in width (post bleach images of Fig. 2 A) . Similar results were obtained when plaques viewed on their side were photo-bleached (Fig. 2B) .
In total we have bleached and recorded 55 plaques. Thirty-two plaques were recorded from cells without drug pretreatment. Nineteen plaques were recorded after treating the cells with BFA, and four plaques were recorded after treating the cells with nocodazole. Results of all experiments are summarized in Table 1 .
Blocking Connexon Secretion Allowed Initial Recovery but Inhibited
Further Channel Accrual. To investigate whether accrual of channels to the cluster edge depended on delivery of connexons to the PM, we inhibited secretion of newly synthesized connexons by treating the cells with BFA 30 min before photo-bleaching. Golgi membranes were labeled in living cells and Golgi disruption after BFA-treatment was verified by the redistribution of the label (Fig. 2C , first two panels). Only GJ plaques between cells in which both Golgi structures were disrupted were bleached.
GJs that were bleached in BFA-treated cells showed initial appearance of new fluorescence along the edge of the plaques after a period of 10-20 min similar to that of untreated cells (Table 1) ; however, to a much lesser extent (Ϸ20% of the recovery observed in untreated cells, Fig. 2E ) resulting only in a thin, modestly fluorescent line along the bleached plaque areas that did not grow substantially wider and more fluorescent over time (Fig. 2C) . Efficiency of plaque recovery in BFA-treated cells (nine plaques recover modestly, n ϭ 17) was significantly reduced (P ϭ 0.028, Fisher's exact test) compared with the recovery efficiency observed in untreated cells (19 plaques recover, 12 efficient, n ϭ 21).
A comparable result was obtained when MTs were disrupted with nocodazole before photo-bleaching. MT disruption was verified by fluorescence microscopic observation (Fig. 2D , first two panels). Two of four plaques that were bleached recovered; however, recovery again remained modest. Fluorescencerecovery times were unaltered, and new edge-fluorescence was visible after a lag period of 15-20 min (Fig. 2 D and E, Table 1 ). Fluorescence recovery in Fig. 2 A-D was compared by measuring fluorescence intensities along a line traversing one of the plaque margins in the last postbleach images (Fig. 2E) . Calculating the size of photo-bleached plaques and of plaques in their immediate vicinity over time indicated that plaques remained largely unaltered (Fig. 2F) . 
Connexons Traffic in Vesicular Structures Along MTs to Reach the PM.
To investigate where the newly accrued GJ channels originated, we investigated secretory Cx43-GFP trafficking in living cells. HeLa cells actively assembling GJs were imaged early after transfection when a pool of Cx43-GFP connexons had accumulated in the Golgi region and small GJ plaques began to assemble at PM appositions. When cells were imaged at a frame rate of Ն1 image every 5 s, numerous Cx43-GFP containing vesicular structures were observed to exit the Golgi region and to traffic away from the Golgi into the periphery of the cells (Fig. 3A and Movie 1, which is published as supporting information on the PNAS web site). Golgi-exit occurred un-directional and most transport occurred in the cell body (Fig. 3B) . In some of our recordings transport occurred along preferred transport routes that reached the PM distant from cell-cell appositions (see Fig.  6 and Movie 4, which are published as supporting information on the PNAS web site). Most of the post-Golgi cargo containers were round and had a diameter of no more than 200 nm (Fig.  3A) . Occasionally, elongated cargo containers were observed to exit the Golgi (see Supporting Text and Fig. 6 ). Cx-containing transport containers traveled saltatory, predominantly directional along curvilinear tracks, indicative of trafficking along MTs ( Fig. 3 A and B) . Movements were fast, Ϸ0.5 m͞s in average (min ϭ 0.2 m͞s, max ϭ 1.05 m͞s, mean ϭ 0.51 Ϯ 0.22 m͞s) (Fig. 2D ). Vesicle tracks, and direction of movement away from the Golgi were clearly visible when images covering a time period of about 90 s were color-coded and superimposed ( Fig. 3 B and C) . That Cx-containing secretory vesicles indeed were traveling along MTs was demonstrated when their movement was imaged in living cells in which MTs were labeled with YFP-tubulin (Fig.  4A) . While a number of larger vesicular structures, proposed to be degradation products (14) , moved within the perinuclear region of the cell, several smaller vesicles trafficked toward the plus ends of MTs and into the periphery of the cell (Fig. 4A , and see Movie 2). The path of such a secretory vesicle is tracked in Fig. 4A . Based on a number of characteristics, degradative vesicular structures could be distinguished clearly from constitutive carriers (described in supporting materials). Wild-type Cx43, expressed endogenously in T51B liver epithelial cells also associated with MTs, suggesting that wild-type Cx43 is also delivered to the PM in vesicular carriers that traffic along MTs (see Fig. 7 , which is published as supporting information on the PNAS web site).
Connexon-Containing Transport Carriers Fuse with Nonjunctional PMs.
In time-lapse recordings of cells actively assembling GJs, Cx43-GFP-containing carriers appeared to tether to the PM after moving into the periphery of the cells. Tethering was indicated by a larger, irregularly shaped dot at the end of a vesicle track in superimposed time-lapse sequences (marked with an arrowhead in Fig. 3C ) that is likely to originate from the locally restrained movement of the tethered vesicle (16, 17) . Fluorescence of some of these vesicular carriers suddenly disappeared, suggesting membrane fusion (18) . We also observed Cx43-CFP-containing constitutive transport containers to gather at the end of YFPtubulin-labeled MTs that extended into the nonjunctional PM periphery, and one after the other to fuse with the PM. PM fusion again was indicated by their sudden disappearance (see Connexons Delivered to the PM Can Move Freely. When HeLa cells expressing Cx43-GFP were focused on their membrane surface, homogenous fluorescence distributed over the entire PM was detected besides larger, brightly fluorescent spots that were often concentrated around the cell nucleus (Fig. 5 A-C) . Confocal z-sectioning and mobility measurements (see below) indicated that the homogenous fluorescence is likely to originate from connexons that were delivered to, and randomly dispersed over the entire PMs of the cells (Fig. 5 A-C) , whereas the bright spots are likely to represent intracellular vesicular structures (mainly degradative vesicular structures) close to the PM surface and possibly connexin aggregates that were dramatically reduced in number when the focal plane was placed higher, and more outside of the cells (compare Fig. 5 A with B and C) . When fluorescence of PM square areas (9 ϫ 9 m) was permanently photo-bleached in living cells (n ϭ 15), edges of the bleached areas faded rapidly, and PM fluorescence recovered equally from all sides within 6-7 min after bleaching (Fig. 5 A and B) . Bright spots were largely immobile, or moved only slowly (Fig.  5A ), indicating that they were not the units that were added to GJs. No recovery occurred in formaldehyde-fixed cells (data not shown). To better assess the amount of mobile and immobile fractions in the PM, total fluorescence within a square area was photo-bleached, and after recovery was bleached again before recovery was imaged. Under these conditions fluorescence within the square area recovered in average to Ϸ70% (n ϭ 3; Fig.  4B ), indicating that PM fluorescence was largely mobile. Similar results were obtained when PM square areas were bleached repeatedly over a period of 20 min and loss of fluorescence (FLIP) in unbleached areas of the cells (n ϭ 2) was monitored (Fig. 5C ).
Discussion
We used FRAP to investigate the addition of connexons to existing GJ channel clusters. We found that newly synthesized channels were accrued to the outer margins of channel clusters (as depicted in Fig. 1 B and C) . Newly added channels were recognizable by their GFP fluorescence, forming fluorescent lines outlining the older, bleached cluster areas (Fig. 2) . Fluorescence reappeared homogeneously throughout the entire length of the bleached areas as a solid, fine line that steadily increased in width (Fig. 2 A and B) , indicating that connexons were added as single particles, or in very small groups consistent with the homogenous distribution of connexons in the plasma membrane (see below). Flow of channels from the unbleached areas along the outer margins into the bleached areas can be excluded (see supporting information). Reappearance of small fluorescent domains within the channel clusters, indicative of fusion of connexons containing secretory vesicles within the channel cluster (as depicted in Fig. 1 A) , was not observed.
The size of the photo-bleached plaques remained relatively constant over the postbleach observation period (Fig. 2F) , indicating that GJ plaques had reached a steady-state in which removal of older, photo-bleached channels in the center and accrual of newly synthesized channels to the cluster margins was in balance. This is in agreement with observations of Gaietta et al. (19) who also found that GJs were replenished from the outer margins and older channels were removed from the center without significant increase of cluster size over time. In our experiments, the recovered stripe of channels reached a width of up to 0.5 m within 1 h, indicating that up to 50 layers of channels were added, if channels have a predicted center-to-center spacing of Ϸ10 nm (5) . This means that a GJ 1 m 2 in size that consists of Ϸ10,000 channels could be assembled within 2 h. This is somewhat faster than the replenishment observed by Gaietta et al. (19) who found that a 0.5-1.5-m-wide border was added within 4 h. The difference in channel accrual in the two studies might be due to a higher protein synthesis rate that is suggested by the larger plaque size in our cells, or the limited resolution of light microscopy that might artificially increase the width of the fluorescent channel rim.
To investigate whether channel accrual depended on delivery of connexons to the PM, we inhibited secretion of newly synthesized connexons by disrupting MTs with nocodazole, or by treating the cells with BFA before photo-bleaching. BFA disrupts the Golgi apparatus by vesiculating the Golgi membranes that then rapidly redistribute into the endoplasmic reticulum (20, 21) . Previously, it has been shown that Cxs pass through the Golgi, that Cx PM delivery is inhibited by BFA treatment, and that intracellular assembly of Cxs into connexons is a prerequisite for successful delivery to the PM (7) (8) (9) (10) (11) (12) . Also, under these conditions plaques initially recovered fluorescence along their margins within 10-20 min; however, further recovery was inhibited. This suggests that a pool of newly synthesized connexons is present in PMs that can accrue to the edge of plaques, and that further connexon accrual depends on the delivery of newly synthesized connexons when the PM connexon pool becomes depleted.
To further investigate whether connexons indeed were delivered to nonjunctional PMs as suggested by the recovery in BFA and nocodazole-treated cells (as depicted in Fig. 1C ), or were trafficked directly to the outer rim of the channel clusters (as depicted in Fig.  1B) , we investigated delivery of connexons to the PM by time-lapse microscopy. We found that connexons exit the Golgi region predominantly in vesicular carriers that traffic along MTs to reach the PM. Post-Golgi trafficking along MTs and similar constitutive carrier characteristics were described recently for nonoligomeric membrane proteins traversing the PM bilayer once (refs. 18 and 22; also see supporting information).
PM insertion of connexons appeared to occur predominantly distributed over the entire nonjunctional PM surface, consistent with the delivery of a number of membrane proteins including aquaporin-1 (23), vesicular stomatitis virus G (VSVG) protein (16) (17) (18) , and glycosyl phosphatidyl inositol (GPI)-anchored proteins (22) . FRAP and FLIP experiments indicated that PM connexons can move laterally in the plane of the membrane, consistent with the movement of diffusing proteins in cellular membranes (24) (25) (26) (27) , and thus, can reach the outer margins of GJ channel clusters. The fast FRAP and FLIP kinetics, as well as the homogeneity of the recovered fluorescence, indicate that connexons are distributed as single particles, or small groups, but not as large aggregates. This finding was also indicated by the mode of fluorescence recovery along the channel cluster margins described above.
Delivery of connexons into the PM instead of routing them directly to GJs might be unexpected, especially because MTs can anchor directly at Cx43-based GJs (28) . However, connexons were not observed to exit the Golgi into any specific direction, and many more MTs reach the PM periphery without attaching to GJ plaques (28) . Furthermore, a number of recent reports describe the presence of connexons in the PM that function there as independent entities to regulate intra-and extracellular milieus (29) (30) (31) . Thus, delivery of connexons to the nonjunctional PM provides a simple two-step mechanism that allows connexons to function in intra-͞extracellular signaling, as well as in direct cell-cell communication. In many electron microscopic images of GJ freeze-fracture replicas that were obtained from tissues, intermembranous particles can be seen dispersed around GJ channel clusters that can be interpreted as individual GJ channels or connexons (see, e.g., refs. 32 and 33), and may reflect the pool of dispersed connexons in the PM and the accretion of channels to the plaque that we have observed in living cells.
Supporting Text
Materials and Methods
Cell Lines. A stable HeLa-22 cell line generated in the Tet-On gene expression system (CLONTECH) in which the expression of Cx43-GFP could be regulated has been used in this study as well. Cx43-GFP behaved similar in stable and transiently expressing cells, both with respect to Golgi accumulation and trafficking, as well as plaque recovery after photo-bleaching. However, transiently transfected cells were overall noticeably brighter, and thus were used in most studies.
Results and Discussion
Recovery of Fluorescence Along the Outer Margins of GJ Channel Clusters. Flow of channels from the unbleached areas along the outer margins into the bleached areas would have resulted in an initially stronger fluorescence reappearance in the vicinity of the unbleached areas, and not in a homogenous recovery along the entire bleached area and can be excluded.
Characteristics of Degradative Cx43-GFP Containing Vesicular Structures. Degradative vesicular structures could clearly be distinguished from constitutive carriers in our time-lapse experiments because they were larger, approximately 0.25-1 µ m in diameter, often irregularly shaped, and their fluorescence was brighter. Although these vesicular structures also traveled along MTs, they moved much slower than the constitutive carriers with an average speed of only ≈ 0.1 µ m/s, and much less directional (Fig. 4A and Movie 2). Many of these vesicular bodies colocalized with acidic subcellular structures (stained with Lysotracker), supporting the conclusion that they were degradative structures, such as endosomes and lysosomes (data not shown). Fig. 4B and can clearly be excluded. Movement of the vesicles out of the focal plane can also be excluded because the entire thickness of the cell periphery is covered in a single image. Constitutive cargo vesicle fusion with the PM was recently imaged using Total Internal Reflection Fluorescence (TIRF) microscopy (1-3). The fusion of VSVG-GFP-containing cargo vesicles with the PM was observed to be short, lasting <1 s and resulted in a local rise of fluorescence intensity that rapidly diffused into the PM (1, 2). Because of this short event, it would have been very difficult to observe the actual fusion process in recordings such as the one shown in Fig. 4B that was acquired with 15 s intervals. Furthermore, Cxs are delivered as hexameric structures that may reduce the rise in fluorescence intensity that has been seen upon VSVG protein fusion. Finally, we do not know how many connexons are packed into a typical cargo vesicle, and whether connexons, once inserted into the PM, diffuse as rapidly as VSVG protein.
